Kassim SH, Vandenberghe LH, Hovhannisyan R, Wilson JM, Rader DJ. Identification and functional characterization in vivo of a novel splice variant of LDLR in rhesus macaques. Physiol Genomics 43: 911-916, 2011. First published May 31, 2011 doi:10.1152/physiolgenomics.00006.2011In the course of developing a low-density lipoprotein receptor (LDLR) gene therapy treatment for homozygous familial hypercholesterolemia (HoFH), we planned to examine the efficacy in a nonhuman primate model, the rhesus macaque heterozygous for an LDL receptor mutation fed a high-fat diet. Unexpectedly, our initial cDNA sequencing studies led to the identification of a heretofore unidentified splicing isoform of the rhesus LDLR gene. Compared with the publicly available GenBank reference sequence of rhesus LDLR, the novel isoform contains a 21 bp in frame insertion. This sequence coincides with part of exon 5 and creates a site for the restriction enzyme MscI. Using this site as a marker for the 21 bp in-frame insertion, we conducted a restriction enzyme screen to examine for the prevalence of the novel isoform in rhesus liver tissue cDNA and its homolog in human liver tissue cDNA. We found that the novel isoform is the predominant LDLR cDNA found in rhesus liver and the sole LDLR cDNA found in human liver. Finally, we compared the in vivo functionality of the novel and previously identified rhesus LDLR splicing isoforms in a mouse model of HoFH.
THE LOW-DENSITY LIPOPROTEIN RECEPTOR (LDLR) gene family consists of cell surface proteins involved in receptor-mediated endocytosis of cholesterol-carrying lipoprotein particles into cells. The LDLR itself binds low-density lipoprotein (LDL) particles at the plasma membrane, internalizes them, and releases them in the low-pH environment of the endosome where the particles are degraded and the cholesterol is made available for repression of microsomal enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase, the rate-limiting step in cholesterol synthesis (25) . Loss-of-function mutations in the LDLR gene cause the autosomal codominant disorder familial hypercholesterolemia (FH). Homozygous FH (HoFH) is associated with severe hypercholesterolemia with LDL-C Ͼ500 mg/dl and severe atherosclerotic cardiovascular disease in childhood or adulthood (22) . HoFH is a good candidate for liver-directed LDLR-based somatic gene therapy (9) .
We have previously demonstrated that adeno-associated virus serotype 8 (AAV8)-mediated delivery of human or mouse LDLR leads to long-term correction and stabilization of cholesterol levels in mouse models of HoFH (9, 13 ). An important step in the preclinical development of AAV8.LDLR gene therapy for FH is assessment of its efficacy and safety in a nonhuman primate (NHP) model. Previous studies have shown that rhesus macaques simulate humans with respect to the presence of latent AAV genomes widely distributed through multiple tissues and the associated host memory immune responses (6) . Within this context, rhesus macaques provide an important NHP animal model enabling for the assessment of host vector interactions on stability of transgene expression and immune based toxicities.
Hummel and colleagues (8) have previously described a family of rhesus macaques that demonstrated persistent elevations in plasma cholesterol. Analysis of skin fibroblasts demonstrated a 50% reduction in the LDLR activity that was subsequently shown to be due to a nonsense mutation in exon 6 of the LDLR gene that led to the expression of a dysfunctional and truncated protein. Attempts to generate a homozygous FH macaque have failed for reasons that are unclear. It has been speculated that there may be a recessive genetic defect linked to this mutation that when bred to homozygosity is associated with embryonic lethality. Feeding a high-fat diet to LDLRϩ/Ϫ rhesus macaques leads to marked downregulation of LDLR expression from the normal allele and induces levels of hypercholesterolemia comparable to those seen in homozygous FH patients (19, 23) .
The LDLR gene encoding human LDLR is 45 kb and is localized on chromosome 19p13.1-13.3; it is composed of 18 exons and 17 introns encoding an mRNA of 5.3 kb and a protein of 860 amino acids (25, 29) . At the amino acid sequence level, there is 95% homology between human LDLR (GenBank accession no. BT007361) and rhesus macaque LDLR (GenBank accession no. AY466854). By contrast, there is 78% homology between mouse (Z19521) and human LDLR. The LDLR gene encodes a signal peptide (exon 1), a ligandbinding domain (exons 2-6), an epidermal growth factor homology domain (exons [7] [8] [9] [10] [11] [12] [13] [14] , an O-linked sugar domain (exon 15), a transmembrane domain (exons 16, 17) , and a cytoplasmic domain (exons 17, 18). These individual domains exhibit amino acid sequence identities of 85, 95, 97, 85, 90, and 96%, respectively between human and rhesus LDLR. Despite the tremendous homology between human and rhesus LDLR, it is important to use a transgene that is syngeneic to the recipient model; this ensures that host/vector interactions are faithfully modeled with respect to efficacy, dose, and toxicity.
During our efforts of developing an AAV8-based vector encoding rhesus (rh) LDLR for use in the high-fat diet-fed LDLRϪ/ϩ rhesus macaque animal model of HoFH, we sequenced the LDLR cDNA from rhesus liver and unexpectedly identified a novel splice isoform of rhLDLR that is the predominant form in rhesus liver. Using AAV8, we compared the functionality of both the novel and the previously identified rhLDLR isoforms in vivo and found both of them to be equally effective in reducing total cholesterol levels in a mouse model of homozygous FH.
METHODS
RNA isolation and cDNA preparation. Total RNA from hepatocytes and peripheral blood mononuclear cells (PBMCs) was isolated using QIAamp RNA Blood Mini Kit (Qiagen). Rhesus macaque liver tissues were obtained from an in house colony of animals. Human liver tissues were obtained from National Disease Research Interchange (NDRI). Total RNA (5 g) was reverse transcribed using Super-Script II reverse transcriptase (Invitrogen) and 100 ng random hexameres (Invitrogen) according to the manufacturer's protocol.
RT-PCR, MscI screen, and sequencing. Primers were designed to produce PCR products corresponding to exons 4 and 5 of the LDLR open reading frame. PCR was performed using 1 g total cDNA, 5 pmol primers exons 4 and 5F, 5=-CAAGACGTGCTCCCA-3= and exons 4 and 5R, 5=-CCAACTTCATCGCTCA-3= and Qiagen OneStep RT-PCR Kit. The thermal cycling conditions were 38 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 60 s. The amplified products were digested with MscI according to the directions of the manufacturer (New England Biolabs) and electrophoretically separated on 3% NuSieve agarose gels. To characterize the bands, the nondigested amplified products were cloned into the pCR4-TOPO vector using the TOPO TA cloning kit for sequencing (Invitrogen). TOP10 Chemically Competent cells were subsequently transformed. Colonies were picked and cultured overnight in Luria broth containing 50 g/ml kanamycin. Plasmid DNA was subsequently isolated using a QIAprep Spin Miniprep Kit (Qiagen). The isolated plasmid was sequenced by Genewiz.
Animals. Male C57BL/6 LdlrϪ/ϪApobec1Ϫ/Ϫ mice were bred in house and have been described elsewhere (23) . For expression and efficacy studies, mice were given unrestricted access to water and were fed a standard chow diet. The vector was injected via an intravenous tail-vein injection with specified genome copies (GC)/ mouse. For all studies, blood was obtained at least one times before and at designated time points after gene transfer. All study protocols were approved by the Institutional Animal Care and Use Committee at The University of Pennsylvania.
Cloning and AAV production. The rhLDLR and rhLDLR-21 AAV constructs were cloned in an AAV inverted terminal repeat (ITR)-flanked construct named pENN AAV TBG PI construct, which drives expression from a thyroxine-binding globulin (TBG) hepatocytespecific promoter with a chimeric intron from Promega (Madison, WI) encoding the 5=-donor site from the first intron of the human b-globin and the branch and 3=-acceptor site from the intron located between the leader and body of an immunoglobulin gene heavy chain variable region. The cDNA sequences were amplified from PCR from constructs acquired from openbiosystems.com (GenBank accession no. AY466854) with primers: MLU-mLDLR F (gtaagcACGCGTaggctagcctcgagaattcacgcgt), SALI-mLDLR R (ggaatcGTCGACctcacgccacgtcatcctccagact).
The rhLDLR construct was generated by MluI-SalI insertion of the cDNA insert into pENN AAV TBG PI construct. rhLDLR-21 was synthesized by Genscript based on the available rhLDLR sequence (GenBank accession no. AY466854) and was cloned by MluI-SalI insertion of the cDNA amplicon into the same AAV construct. AAV8 expressing human LDLR was generated as previously described (22) . AAV vector was generated by triple transfection of the AAV ITR flanked construct with the packaging plasmid pAAV2/8 and the helper plasmid pdF6 as previously described. AAV vector particles were purified by double CsCl gradient banding as described in Wang et al. (27) .
Analytical methods. The plasma total cholesterol levels were measured in individual mice at each time point with an enzymatic assay on a Cobas Fara II (Roche Diagnostic Systems) with the use of Sigma reagents (Sigma Chemical).
Immunoblotting and histochemical analysis. Levels of hepatic LDLR protein were determined by immunoblotting analysis as previously described (18a) using a polyclonal antisera to rat LDLR (a gift from Dr. Gene C. Ness). Briefly, liver lysates were subjected to SDS-polyacrylamide gel electrophoresis. The proteins were electrophoretically transferred to a polyvinylidene difluoride membrane. The membranes were blocked with 3% gelatin and then incubated with a 1:375 dilution of the rabbit anti-rat LDLR sera. LDLR immunoreactive protein was detected using an alkaline phosphatase-conjugated second antibody.
Statistical analyses. Atherosclerotic lesion area data were subjected to a one-way ANOVA. Experimental groups were compared with the baseline group by using the Dunnett test. Repeated-measures ANOVA was used to compare cholesterol levels among different groups of mice over time after gene transfer. Statistical significance for all comparisons was assigned at P Ͻ 0.05. Graphs represent mean Ϯ SD values.
RESULTS
Rhesus macaque LDLR cDNA was cloned by RT-PCR using total cellular RNA prepared from liver. Sequencing of the cloned rhLDLR cDNA revealed a novel splice variant not previously reported. Compared with the previously identified rhLDLR sequence (GenBank accession no. AY466854) (20) , the variant of rhLDLR we identified contained a 21 bp sequence at the junction of exons 4 and 5. Upon analysis of the known rhesus genomic DNA sequence, this 21 bp sequence constitutes part of exon 5 and is also found in both human and mouse LDLR genomic DNA sequences (Fig. 1A) .
Analysis of the sequences of the cloned and reference rhLDLR cDNA revealed that the 21 bp sequence encodes an MscI restriction site not present in the reference sequence. We took advantage of this observation to screen cDNA samples from the liver tissues of 14 rhesus macaques and PBMCs from five FH rhesus macaques. Primers were designed to amplify exons 4 and 5 from the liver cDNA. The resultant 504 bp PCR product was digested with MscI and electrophoretically separated on Nu-Sieve agarose gels. If the product contains the 21 bp insert, MscI digestion should produce two bands of ϳ381 and 123 bp representing exons 4 and 5, respectively. A representative gel is shown in Fig. 2A . This analysis shows that the predominant isoform contains the 21 bp insert (Fig. 1B) .
It is estimated that 60% of human genes undergo alternative splicing; this phenomenon plays an important role in expanding the proteome (12) . Cross-species conservation has been suggested to be a strong predictor of functional alternative splicing (12) . Therefore, we next decided to examine whether human LDLR undergoes alternative splicing similar to that of rhesus LDLR. We obtained 12 human liver samples from the NDRI. cDNA was generated from these samples; exons 4 and 5 were PCR amplified using the same primers as for rhLDLR and subjected to MscI restriction analysis. Using this approach, we found that all human samples examined contained the 21 bp sequence of exon 5 (Fig. 2) .
To evaluate the relative abundance of each isoform of rhLDLR, we next decided to clone and sequence the nondigested PCR product. PCR products from four individual rhesus macaques were cloned and sequenced. Of the 27 positively transformed colonies that were picked and sequenced, 23 contained and four of them lacked the 21 bp sequence of exon 5. Nondigested PCR product from two individual human samples were similarly cloned and sequenced. Of the 14 positively transformed colonies that were picked and sequenced, all contained the 21 bp sequence. These data suggest that the predominant human LDLR mRNA isoform contains the 21 bp sequence and that rhLDLR mRNA contains two splice variants: 1) a predominant isoform, newly identified, that is homologous to human LDLR and retains 21 bp of exon 5 (rhLDLR) and 2) a minor isoform, previously identified and listed in the GenBank database, that lacks 21 bp of exon 5 (rhLDLR-21) (20) .
Previous studies by Nomura and colleagues (20) have examined the efficacy of helper-dependent adenovirus-mediated expression of rhLDLR-21 in an LdlrϪ/Ϫ mouse model of FH. It is indeed surprising that the rhLDLR-21 variant reported by Nomura et al. is functional in correcting the phenotype of FH mice, given that this isoform includes a Cys residue deletion. This deletion results in an unpaired cysteine in the cys-rich repeat encoded by exon 5 and is predicted to disrupt folding and cause mistrafficking and/or endoplasmic reticulum-associated protein degradation (22) . Furthermore, computational prediction suggests that alternatively spliced LDLR mRNA could encode receptors functionally different from the normal receptor (26) . To evaluate whether rhLDLR-21 might be functionally different from rhLDLR, we conducted a study comparing the efficacy of AAV8-mediated liver-specific expression of rhLDLR-21 or rhLDLR in correcting the hypercholesterolemia of LdlrϪ/ϪApobec1Ϫ/Ϫ mice that resemble hoFH humans. Animals were intravenously injected with 1 ϫ 10 11 or 1 ϫ 10 10 GC of AAV8 encoding rhLDLR-21 or rhLDLR under control of the liver-specific TBG promoter. Protein expression in the liver was examined 21 days after vector injection. As can be Numbers above the lanes identify the individual ID of the human (H), wild-type rhesus (R), and FH rhesus macaques (F). *Nondigested fragment from this sample was subsequently cloned and sequenced. cDNA from a total of 12 human liver samples were analyzed using this approach. seen in Fig. 3A , no differences were observed in terms of total LDLR protein expression between rhLDLR-21 and rhLDLRinjected mice. This suggests that in terms of protein folding and trafficking, the two isoforms are virtually identical. With respect to functionality, both vectors exhibited virtually identical kinetics and have the same minimum dose for cholesterol correction in LdlrϪ/Ϫ Apobec1Ϫ/Ϫ mice (Fig. 3B) . Importantly, neither vector induced detectable toxicity as measured by serum levels of ALT (Fig. 3B) .
DISCUSSION
We have previously demonstrated that AAV8-mediated gene transfer of LDLR leads to significant reductions in plasma cholesterol and non-HDL cholesterol levels in a murine model of HoFH (9) . Moreover, this therapeutic approach was found to trigger significant regression and substantial remodeling of atherosclerotic lesions on HoFH mice. Given these positive results, we next decided to examine the safety and efficacy of AAV8 mediated LDLR gene transfer in an NHP.
LDLRϩ/Ϫ rhesus macaques, previously identified by Hummel and colleagues (8) , have a 50% reduction in the LDLR activity due to a nonsense mutation in one allele of the LDLR gene. Due to inability to generate homozygotes for this mutation, heterozygotes were fed a high-fat, high-cholesterol diet to downregulate the LDLR expressed by the normal allele and more closely replicate that the phenotype of HoFH patients (4). We decided to begin our macaque gene transfer studies using the reported sequence of LDLR derived from rhesus macaque (20) . We undertook studies from various sources of rhesus macaques to delineate the structure of wild-type rhLDLR. We found a predominant form of rhLDLR that was of the same size as human LDLR with 95% homology. It is interesting, however, that the form we cloned from macaque differs from that previously described by Nomura and colleagues (20) , who claim that the rhesus receptor is 21 amino acids smaller than human LDLR. We in fact found this smaller isoform by PCR screening of mRNAs as a minor species.
Cross-species conservation has been suggested as a strong indication of functional alternative splicing (12, 24) . However, in our analysis we detected no human homolog of rhLDLR-21 among the human tissues that were examined, indicating that the observed splice variant in rhesus is not common under basal conditions in humans. This is not necessarily surprising. Computational searches for alternative splicing events by Pan and colleagues (21) revealed that Ͼ11% of human and mouse cassette alternative exons are skipped in one species but used constitutively in the other. Likewise, Calarco et al. (2) studied alternative splicing differences between humans and chimpanzees and found that at least 6% of the exons they tested displayed significant differences in splicing levels between humans and chimpanzees. Blekhman et al. (1) similarly found that large numbers of exons are consistently skipped in livers from humans, chimpanzees, and rhesus macaques, providing evidence for lineage-specific shifts in the composition of alternative transcripts. It must be noted that given the small sample size of our human liver tissue studies, there is a possibility that the human variant of rhLDLR-21 can, under certain circumstances, be expressed. It may not have been detectable using our particular approach or in the specific tissues we examined. Therefore, additional studies will need to be conducted that include a larger sample size of human liver tissues from different patient populations. Moreover, future efforts may benefit from the use of a quantitatively based PCR assay (26) that is more sensitive and can enable for the relative quantification of the two splice variants. There have been numerous studies demonstrating that alternative splicing can have a significant impact on gene function. For example, alternative splicing of 3-hydroxy-3-methylglutaryl-coenzyme (HMGCR) or LDLR, resulting from single nucleotide polymorphisms (SNPs) in the intron, have been associated with reduced LDL-cholesterol response to statin treatment (4, 10, 15) . Likewise, there have been numerous studies examining the role of HMGCR exon 13 alternative splicing as a molecular mechanism underlying the association between HMGCR genetic variation and statin efficacy (16) . With respect to LDLR, variation in this locus is known to influence LDL-cholesterol levels (5, 14) ; common LDLR DNA polymorphisms have been associated with interindividual variation in LDL-cholesterol, as well as other lipid and lipoprotein traits (5, 14, 28) , and these variants are thought to mediate changes in LDLR protein expression or regulation. There is recent evidence that SNPs in the 3=-untranslated region of LDLR impact LDLR splicing and impact on LDLR mRNA stability in vitro and LDL-cholesterol levels in vivo (18) .
Functionally, our studies demonstrated that AAV8 mediated liver-specific expression of rhLDLR-21 or rhLDLR led to similar patterns of in vivo correction in a mouse model of FH. We conclude that the previously identified rhLDLR cDNA constitutes a minor splice variant that has relatively little impact on LDLR activity. Given this finding, and the fact that the predominant human LDLR splice variant retains the 21 bp sequence of exon 5, we plan to proceed with rhLDLR in preclinical evaluation of AAV8.LDLR gene therapy in fat-fed LDLRϪ/ϩ rhesus macaques.
Genome-wide analysis of alternative splicing indicate that 40 -60% of human genes have alternative splice forms; this suggests that alternative splicing is one of the most significant components of the functional complexity of the human genome (11) . However, it is not clear how many of the splice variants predicted from expressed sequence tag (EST) cluster analysis are functional and how many represent aberrant splicing noise or EST artifacts such as genomic contamination (17) . In this study, we used liver-directed AAV8 gene transfer to examine the functionality of alternative splice variants in vivo. To our knowledge, this is the first report to use somatic gene transfer to study the function of alternative splice variants in vivo. More than 40% of genes in the liver undergo one or more alternative splice events, making it the second highest human tissue, by frequency, to exhibit alternative splicing (30) . Within this context, future studies may benefit from the usage of AAV8 to study the function of alternative splice variants in the liver.
